Personality traits are among the most complex quantitative traits. Certain personality traits have been postulated to be part of the inherited component of substance dependence (SD) risk. Association between the M2 cholinergic receptor gene (CHRM2) and SD has recently been reported and replicated (Wang et al. Hum. Mol. Genet. (2004);13:1903 -1911 Luo et al. Hum. Mol. Genet. 2005;14:2421 -2434. In this study, we investigated the relationship between CHRM2 variation and personality traits in two American populations. We assessed dimensions of the five-factor model of personality, and genotyped six CHRM2 markers and 38 unlinked ancestry-informative markers in 239 subjects with SD [173 European-Americans (EAs) and 66 African-Americans (AAs)] and 275 healthy subjects (237 EAs and 38 AAs). The relationships between CHRM2 markers and personality traits were examined using multivariate analysis of covariance, controlling for marker -marker interaction effects and potential confounders. Associations were decomposed by Roy Bargmann stepdown analysis of covariance. Generally, substance-dependent patients, older individuals, males, and AAs scored higher on Neuroticism and lower on other personality factors. Diplotype CTCAAA/ CTCGTT (P 5 0.005) and the interaction between its two haplotypes (CTCAAA 3 CTCGTT) (P 5 0.003) were associated with lower Conscientiousness scores. Haplotype CTCGAT (P 5 0.006) and its interaction with haplotype TCAAAT (P 5 0.002) were associated with higher Agreeableness scores. The trait-influencing variant site in CHRM2 for Agreeableness was close to marker rs1824024 (SNP3) (P 5 0.002). CHRM2 variation may contribute to the genetic component of variation in personality traits. Personality traits might substantially underlie the heritable component of SD.
INTRODUCTION
Quantitative traits, including biological measures such as height and blood pressure, personality traits, and the severity of symptoms and their reduction by treatment, are common phenotypes of interest in genetics. Such traits are genetically complex, usually governed by several genetic loci (i.e. they are polygenic), and are also influenced by environmental factors. Humans have hundreds of personality traits (1) , and every personality trait is quantitative and genetically complex. Because personality traits may have both main and interactive effects, they are among the most complex quantitative traits. A commonly used approach to the measurement of human personality traits is based on the well-accepted five-factor model (1) , in which the five basic dimensions of personality are Extraversion, Agreeableness, Conscientiousness, Neuroticism and Openness to Experience (i.e. Factors I-V). Although these five major domains of personality describe personality from different perspectives, they are significantly correlated when taken in pairs (all P , 0.001). Neuroticism is negatively correlated with the other four personality factors (r , 0), which among themselves are positively correlated (r . 0) (2) . The five-factor model can be operationalized via the NEO Five-Factor inventory (NEO-FFI) or NEO Personality Inventory-Revised (NEO PI-R) (3) .
# The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org Many studies have provided evidence that personality characteristics may play a central role in the development of substance dependence (SD) [which in those studies include alcohol dependence (AD) and opioid dependence (OD)]. Many other studies suggest that common genetic factors may underlie some portion of the association between personality traits and SD (mainly AD) (reviewed in 2). We previously demonstrated that variation in the gene encoding alcohol dehydrogenase 4 (ADH4) predisposed to both SD [which includes AD, OD and cocaine dependence (CD)] and personality factors (2) . These findings highlight the potential role of personality as a genetically determined risk factor for SD.
Genetic factors have been consistently implicated as contributing to individual differences in major dimensions of personality traits per se (i.e. independent of a genetic component of SD), with about one-third to one-half of the variation in personality typically being attributed to such factors (4 -8) . Twin studies have shown substantial heritability (median ¼ 48%) for personality traits (9 -11) ; additive genetic effects accounted for 25-65% of the reliable specific variance of the facet-level personality traits (12) . A genomewide linkage scan mapped five trait-influencing sites for Neuroticism at chromosomes 1q, 4q, 7p, 12q and 13q (13) . Varying degrees of direct evidence have also been found regarding the association between personality traits and specific genes, including SLC6A4, HTR2C, HTR2A, MAOA, DRD2, DRD3, DRD4, COMT, AP2B1, ESR1 and ADH4 (reviewed in 2). This evidence supports the hypothesis that personality traits are multigenic and that different personality traits may be determined by different genes. However, these findings have not always been confirmed (14) , one reason for which might be that commonly used analytic methods [(e.g. t-test and analysis of variance (ANOVA)] are not sufficiently powerful and reliable (see Materials and Methods for further discussion of this issue). On the basis of the hypotheses of a strong link between personality and SD and the role of cholinergic activity in both SD and personality, the present study, using a series of novel, powerful, and reliable analytic approaches, focused on exploring the role of CHRM2 in determining personality traits.
Choline (CH), a b-fatty acid, is primarily involved in the production of neurotransmitters in the brain that regulate mood, appetite, behavior and memory. Studies indicate that it can improve cognitive performance. Acetylcholine (ACh) is synthesized from choline and acetate, a reaction catalyzed by the enzymes acetyl coenzyme A (Acetyl-CoA) and choline acetyltransferase (ChAT); it is catabolized into choline and acetate by acetylcholinesterase (AChE). Acetylcholine receptors (AChR) mediate the response to ACh, which includes a series of intracellular and intranuclear events. These cholinergic events could directly or indirectly (via dopaminergic or adrenergic effects, or cognition) underlie some of the behavioral effects of drugs of abuse, thereby contributing to the risk of SD (including CD, OD and/or AD in the present study), and certain personality traits.
Cocaine, opioids and alcohol may directly affect cholinergic activity via influencing AChE activity or modulating ACh release, which may be involved in the development of SD. AChE inhibitors suppressed both cocaine-and morphine-induced conditioned place preference and blocked the induction and persistence of cocaine-evoked hyperlocomotion, preventing long-lasting behavioral abnormalities associated with cocaine and morphine addiction by potentiating the actions of ACh released from nucleus accumbens (NAc) cholinergic neurons (15) . Opioid receptors stimulated by agonists can depress ACh release and cause a reduction of cholinergic activity (16) , which can be reversed by the corresponding antagonists. For example, the non-selective m-opioid receptor agonist, morphine, inhibits ACh release, which is reversed by low concentrations of the non-selective antagonists, naloxone and naltrexone (17) . Further, the k-opioid receptor agonist ethylketocyclazocine inhibits ACh release, which is reversed by the selective antagonist, Mr2266 (18) . Additionally, the d-opioid receptor agonists [Leu5]enkephalin and [D-Ala2, D-Leu5]enkephalin selectively inhibit ACh release (19) . At high concentration, eseroline, an AChE antagonist, had both opioid and cholinomimetic activities (20) . The cholinergic pathway is also considered to be important in the development of opioid tolerance and physical dependence (21) . Furthermore, cholinergic activity may indirectly modulate a variety of behaviors related to SD, by altering cholinergic -adrenergic balance and cholinergic -dopaminergic balance. For example, an increase of ACh in the NAc causing an alteration of the dopaminergic-ACh balance may be involved in the ethanol withdrawal state (22) ; conversely, elevated mesolimbic dopaminergic activity has been hypothesized to serve as a final common pathway for the hedonic properties of a variety of abused substances.
Cholinergic activity may also be directly involved in the modulation of personality. For example, there is a relationship between some sensation seeking subscales and AChE activity (23) . Greater behavioral and cardiovascular sensitivity to the cholinomimetic physostigmine was associated with more 'neurotic' traits (i.e. less efficient, habitually passive, 'helpless' strategies in stress coping) (24) , 'depressive' personality traits (i.e. low life contentment, high irritability, feeling stressed, high emotional lability) (25) and traits of affective instability (i.e. affective instability per se, unstable relationships, identity disturbance and chronic feelings of emptiness and boredom) (26) . The balance between Ach and both norepinephrine and dopamine may modulate personality as well. For example, the cholinergic -adrenergic balance appears to be related to shyness and low extraversion (27) , spontaneous aggressiveness (28, 29) and depressive attitudes (i.e. low life contentment, high irritability, feeling stressed, high emotional lability) (24, 25) . Enhanced dopaminergic activity is hypothesized to be related to (i) positive emotion, social engagement and life satisfaction, which are characteristics of extraversion (30) and (ii) novelty-seeking, which is characteristic of openness (31) .
The effects of cholinergic activity on SD and personality might also be mediated, at least in part, by impaired cognition. Cholinergic pathways, in general, have been widely implicated in cognition and memory (32, 33) . At some point in their course, many neuropsychiatric disorders such as Alzheimer's disease, major depression, AD or drug dependence (DD) include an impairment of cognition. Further, certain personality traits have been known to contribute significantly to cognitive function, explaining 2 -7% of the variance in ability across cognitive domains (34) .
The muscarinic-2 cholinergic receptor (CHRM2), present in neurons throughout the central and peripheral nervous systems, cardiac and smooth muscles and a variety of exocrine glands, is predominantly a presynaptic autoreceptor, helping to inhibit ACh release from cholinergic terminals and control cAMP regulation, and is responsible for ACh-mediated inhibition of adenyl cyclase activity (35 -38) . CHRM2, the gene encoding the CHRM2 receptor, is located on chromosome 7q31 -35. CHRM2 variation may influence transcription levels, mRNA stability, translational efficiency, density, ligand binding, affinity or other properties of the receptor. For example, some experimentally modeled functional variants within the coding sequence can lead to amino acid substitutions that may alter the properties of the receptor, including Tyr403Phe, which affects the receptor's ligand binding affinities of the receptor, and four other amino acid substitutions at Val385, Thr386, Ile389 and Leu390, which are essential for G-protein coupling specificity and G-protein activation (reviewed in 39) . Genetic variation at CHRM2 may thus be expected to influence cholinergic activity and result in phenotypic variation.
Some of the individual genetic variability in susceptibility to the development of SD may be due to polymorphism at CHRM2, as demonstrated by two recent studies (39, 40) . We (39) initially examined six CHRM2 markers (Table 1) in 871 subjects, including 333 healthy controls [287 European-Americans (EAs) and 46 African-Americans (AAs)] and 538 SD subjects (415 with AD and 346 with DD; 382 EAs and 156 AAs). These CHRM2 markers were located in several haplotype blocks, i.e. SNPs 1 -3 in the first block, and SNPs 4 and 5 in the second block. Genotype frequency distributions of all markers were in Hardy -Weinberg Equilibrium (HWE) in healthy controls; however, SNP3 (rs1824024) was in significant Hardy -Weinberg Disequilibrium (HWD) in cases (P ¼ 0.010 in EA DD, P ¼ 0.010 in AA AD and P ¼ 0.008 in AA DD) even after correction for multiple tests, which indicates an association of SD with SNP3. Regression analysis showed that the alleles and genotypes of SNPs 1 and 2, which were in linkage disequilibrium (LD) with SNP3, and some specific haplotypes and diplotypes that contained SNP3, were also significantly associated with AD and/or DD.
DD is one of the most common diseases comorbid with AD. Many studies have demonstrated that DD has a number of features in common with AD, including clinical symptomatology, neuropsychological impairments, hypothesized pathogenetic mechanisms and response to specific treatments (41) . Further, DD has been reported to share some susceptibility genes with AD; for example, in our previous report that the CHRM2 gene affected risk for both (39) . On the basis of these findings, in the present study, we examined AD and DD jointly as one phenotype.
Personality traits may plausibly also be associated with CHRM2, due to their strong physiologic (and in some cases, genetic) link to SD (reviewed earlier), and due to their strong link to the cholinergic signaling system (reviewed earlier), although there is no report about the direct links between personality traits and CHRM2 polymorphisms so far. In the context of this theoretical framework, one of the aims of the present study was to fine-map the contributory loci for personality factors and to investigate whether variation in CHRM2 is a common genetic factor underlying both personality traits and SD; a second aim was to see whether the gene-personality association is stronger than the gene-disease association in this sample.
Personality may develop with age (in fact, certain changes are predictable, on a group level), and it is also sex-related (42) . Allele frequency is known to be population-specific; and the disease-related allele frequency may be phenotypespecific. In previous studies, we demonstrated that the associations between ADH4, OPRM1 and personality traits could be modified by affection status, age, sex, and/or ethnicity (2, 43) . Generally, SD patients, older individuals, AAs and males had significantly lower scores on Extraversion, Agreeableness, Conscientiousness, Openness to Experience and/or significantly higher Neuroticism scores (2) . In the present study, we therefore included SD patients and healthy subjects, older and younger adults, EAs and AAs and men and women in our sample, and took into account statistically the influence of these factors, which included the confounding effects of age and sex, and population stratification and admixture effects on the association between CHRM2 variation and personality traits. We predicted the presence of different gene effects on personality scores in different subgroups based on sex, age, SD diagnosis or population.
RESULTS
There were nominally significant differences in genotype and/ or allele frequencies between affected and healthy subjects for many markers: in AAs SNP2 (p g ¼ 0.035 for genotypewise analysis), SNP4 (p a ¼ 0.014 for allelewise analysis), and SNP6 (p a ¼ 0.018). After correction for multiple testing using SNPSpD (a Bonferroni-type correction that takes marker correlation into account (44)), the genotype and allele frequencies of these markers were only suggestively different between affected and healthy subjects ( Table 2 ). There were also significant differences in haplotype and/or diplotype frequencies between patients and healthy subjects (data not shown). These findings were basically consistent with our previous report using a larger sample (n ¼ 871) (39) from which the present sample was drawn, where there were suggestively significant differences in genotype and/or allele frequencies between cases and healthy subjects for more markers, including SNP1 (P g ¼ 0.049) and SNP2 (P a ¼ 0.023) in AAs for SD and SNP3 (P a ¼ 0.018, P g ¼ 0.027) in EAs for drug dependence-only (i.e. in the absence of AD) and there were significant differences in haplotype and diplotype frequencies between SD and controls in both populations. No markers were in significant HWD in controls (except for SNP4 with nominal P ¼ 0.029). There were many markers in nominally-significant HWD in cases (which could indicate valid marker-disease associations): SNP1 (P ¼ 0.019) in EAs, and SNP2 (P ¼ 0.015) and SNP3 (P ¼ 0.013) in AAs. After correction for multiple testing using SNPSpD, these markers were only suggestive of HWD (Table 2) , consistent with our previous report, where more markers were in significant HWD (39; also see Introduction).
Two ancestries, i.e. European and African, were detected in our sample, and the ancestry proportions for each individual were estimated, as reported previously (39) . The estimate of the extent of admixture is a function of the exact populations used in the STRUCTURE analysis (45, 46) , and of the marker set used, as well as of 'actual' ancestry proportion.
t-test and ANOVA showed nominally significant differences in individual personality factor scores by population, age, sex, and/or affection status (data not shown), completely consistent with our previous study (2) . There were also significant differences in individual personality factor scores in subjects with varying alleles or genotypes of many markers, in the whole sample and in subgroups divided by population, age, sex or affection status (Table 3) .
MANCOVA indicated that personality traits were related to affection status, age, ancestry and sex; and the multi-locus haplotypes and diplotypes and single-locus markers had main or interaction effects on personality traits, with some effects modified by age, affection status or sex (Table 4) .
Haplotypewise, diplotypewise, allelewise and genotypewise MANCOVAs showed significant associations between the personality traits and age, affection status, ancestry and sex (1.5 Â 0 265 P 1.8 Â 0 24 ; Table 4 ). Haplotypewise MANCOVA showed that the haplotypes TCAAAT (P ¼ 0.017) and CTCAAA (P ¼ 0.022) had significant main effects on the composite personality trait. Age
and TCAGTT Â CTCAAT (P ¼ 0.026) had significant interaction effects on the composite personality trait. Diplotypewise MANCOVA showed that the diplotype CTCAAA/CTCGTT (P ¼ 0.006) had Roy Bargmann Stepdown Analyses showed that different personality traits were related to affection status, age, ancestry, and/or sex, and that the haplotypes, diplotypes and markers had main effects and/or interaction effects on different personality factors (Table 5) .
The haplotypewise, diplotypewise, allelewise and genotypewise Roy Bargmann Stepdown Analyses showed that different personality traits were related to affection status, age, ancestry and/or sex. Agreeableness, Conscientiousness and Openness scores were significantly lower (b , 0), and Neuroticism scores were significantly higher (b . 0) in patients than in healthy subjects (4. Haplotypewise Roy Bargmann Stepdown Analyses showed that the haplotypes TCAAAT and CTCGAT had a significant interaction effect on Agreeableness scores (b . 0, P ¼ 0.006), and CTCAAA and CTCGTT had a significant interaction effect on Conscientiousness scores (b , 0, P ¼ 0.003); the haplotype CTCGAT had significant effects on Agreeableness scores (P ¼ 0.002), which was modified by affection status; that is, this haplotype increased Agreeableness scores in patients (b . 0, P ¼ 0.008), but decreased them in healthy subjects (b , 0, P ¼ 0.018). Diplotypewise Roy Bargmann Stepdown Analyses showed that the diplotype CTCAAA/ CTCGTT significantly decreased Conscientiousness scores (b , 0, P ¼ 0.005), consistent with the above interaction effect between its two haplotypes.
Allelewise Roy Bargmann Stepdown analyses showed that SNP3 (rs1824024) had a significant effect on Agreeableness scores (P ¼ 0.002), modified by sex; that is, the A-allele of this marker was associated with higher Agreeableness scores in males (b . 0, P ¼ 0.005) and lower Agreeableness scores in females (b , 0, P ¼ 0.030). Genotypewise Roy Bargmann Stepdown analyses showed no association between genotypes and personality factors.
DISCUSSION
The findings in the present study suggest that CHRM2 variation may play an important role in the development of personality traits. Further, personality traits might be a substantial heritable component of SD, and the two phenotypes could have intrinsically-related neurobiological mechanisms.
The simplest and most straightforward analyses in the present study, t-test and ANOVA, showed that the personality factors were significantly associated with affection status, age, sex and population (consistent with the findings of hundreds of previous studies, including our own (2)), and nominally with alleles and genotypes of at least five CHRM2 markers. However, these commonly used analyses have some disadvantages that are not present in MANCOVA. Although given these advantages, MANCOVA should theoretically be able to generate reliable and powerful results; for genetically complex traits like personality, the power of MANCOVA is also limited. Personality is a quantitative trait that is genetically complex and multigenic-different genes produce additive or epistatic effects on phenotype, but each risk gene usually exerts minor effects. In the present study, hundreds of personality traits were represented by five personality factors, which were combined into a composite phenotype using MANCOVA. It is unlikely that this composite trait is strongly determined by a single gene. Nonetheless, we did observe significant associations in the present study, and the modest effects (e.g. 0.01 , P , 0.05) obtained with MANCOVA are reasonable and sufficient to suggest an underlying genetic factor for personality traits. Additionally, although the main effect from each haplotype is small, the interaction effect of two haplotypes could be greater, since Human
they may exert multiplicative effects, as was observed in the present study.
To decompose the composite personality trait set into separate personality factors, MANCOVA was followed by Roy Bargmann Stepdown ANCOVA. Although the results obtained using the Roy Bargmann Stepdown ANCOVA differed from those obtained with t-test and ANCOVA (Table 3 versus Table 5 ), this analysis has most of the advantages of MANCOVA, so that the findings from Roy Bargmann Stepdown ANCOVA are also considered to be reliable. Additionally, this analysis yields regression coefficients, the sign of which makes it possible to judge the nature of the association of the gene variants with the personality factors. One of the disadvantages of this analysis is that the five personality factors are tested separately, which inflates the Type I error rate. We therefore set a ¼ 0.01 for these ANCOVAs.
Given their analytic advantages, we draw conclusions mainly from MANCOVA and Roy Bargmann Stepdown ANCOVA. MANCOVA demonstrated that the personality traits were very strongly related to age, affection status, ancestry and sex. Decomposition using ANCOVA showed that, generally, SD patients, older individuals, AAs and males had significantly lower scores on Extraversion, Agreeableness, Conscientiousness, Openness to Experience and/or significantly higher scores on Neuroticism. Similar findings were demonstrated by other analytic approaches (such as t-test and ANOVA) in the present study. Haplotypewise and diplotypewise MANCOVAs (at the 'whole gene' level) showed that (i) some specific haplotypes and diplotypes, most of which contained the haplotypes TCAAAT and CTCAAA and some of which contained CTCGAT and CTCGTT, had main or interaction effects on personality (see Table 4 ). Decomposition using ANCOVA showed that the interaction between haplotypes TCAAAT and CTCGAT increased Agreeableness scores, but the interaction between haplotypes CTCAAA and CTCGTT decreased Conscientiousness scores; the haplotype CTCGAT increased Agreeableness scores in SD patients, but decreased them in healthy subjects; (ii) the diplotype CTCAAA/CTCGTT significantly decreased Conscientiousness scores. Diplotypewise analysis provided much more significant results than haplotypewise analysis, probably because diplotypes incorporated interaction between haplotypes, leading to more sensitive detection of the sources of variance. This also supports our prior findings that diplotypewise analysis is more powerful than haplotypewise analysis especially in the absence of HWE for markers (39, 47) ; (iii) the inter-haplotype interaction effects were much stronger than the main effects of these haplotypes; the strongest interaction effect was between two haplotypes (i.e. TCAAAT and CTCGAT; P ¼ 0.004). These findings suggest that CHRM2 might harbor contributory loci for personality traits and might be involved in their development (mainly for Agreeableness and Conscientiousness).
To fine-map the contributory loci within CHRM2, we performed allelewise and genotypewise MANCOVAs (at the 'single-point' level). These analyses showed that the contributory locus was close to SNP3 (rs1824024) and was modified by sex. Because single-locus analysis is less powerful than multi-locus haplotype or diplotype analysis, the P-values from the single-locus analysis yielded lower levels of statistical significance. Decomposition using ANCOVA showed that allele A of SNP3 was associated with higher Agreeableness scores in males (b . 0, P ¼ 0.005) and lower Agreeableness scores in females (b , 0, P ¼ 0.030). We posit that this is because higher Agreeableness scores in males are close to lower Agreeableness scores in females; both reflecting a specific range of Agreeableness scores. Additionally, the Roy Bargmann Stepdown ANCOVA demonstrated that Neuroticism was negatively correlated with the four other personality factors, which were all positively intercorrelated, consistent with results of pairwise correlation analysis (see Introduction).
From the gene-disease association analyses (conventional case -control comparison, regression analysis and HWE test) in the previous and present studies, some specific CHRM2 haplotypes, diplotypes and single markers (especially, SNP3) were associated with SD. Wang et al. (40) found that SNP3 was significantly associated with AD (P ¼ 0.007; casecontrol comparison); SNP3 contributed most to the risk and protective haplotypes. In our initial study (39) , case -control ' Â ', same as Table 4 ; b, regression coefficient; the indented lines in 'Variables' column correspond to post-hoc decomposition analysis. The significance level is set at 0.01.
comparison showed a suggestively significant association between SNP3 and EA DD-only (P a ¼ 0.018, P g ¼ 0.027), which was the most significant of all of the markers. In that study, SNP3 was in significant HWD in cases (P ¼ 0.010 in EA DD, P ¼ 0.010 in AA AD and P ¼ 0.008 in AA DD). The present study also showed that SNP3 was in LD with SNP1 (rs978437) and SNP2 (rs1455858), both of which are also risk markers; and SNP3 was in significant HWD in AA SD patients (P ¼ 0.013, which was the most significant of all of the markers). In the present study, the contributory locus for personality traits was close to SNP3; we therefore conclude that personality traits and SD have a partially shared genetic basis, consistent with the extant literature, including our previous study (2) . This is plausible (i) because personality traits might have some underlying neurobiological mechanisms that are intrinsically related to those influencing risk for SD, mediated by cholinergic activity (as discussed in the Introduction), or (ii) because, as postulated by many other investigators, personality is part of the heritable component in SD. In other words, certain personality traits are inherited and increase the likelihood that subjects who have them will develop SD or SD-related disorders; thus, personality features may be more clearly genetic in their origin than SD per se. Some opposite personality characteristics predispose to SD and depression, e.g. subjects with high Extraversion or Openness scores are more likely to develop SD (authors' unpublished data), but subjects with low Extraversion and Openness scores are more likely to develop depression, which could partially explain why the opposite phases of CHRM2 variation predispose to SD and depression (39, 40) . Similarly, personality features in subjects who have a psychiatric disorder may be associated with any gene related to that psychiatric disorder. For example, Neuroticism in subjects with major depression was associated with a promoter polymorphism (5-HTTLPR) in the serotonin transporter gene (SLC6A4), which was also associated with major depression per se (48) . On the basis of these findings, we postulate that personality traits are a substantial heritable core for some psychiatric disorders, including SD. We previously reported a gene-personality association study that was more robust than the corresponding gene-disease association study, in that significant effects were detected even with only half the sample size (2). The present study leads to the same conclusion. In addition to the reasons described earlier, this may be because the study of quantitative traits (e.g. personality) yields more power than the study of qualitative traits (e.g. affection status) in association studies. On the other hand, the strong gene-personality associations in the present study support the gene-disease associations in our initial study (39) , although our initial findings were only suggestive (P-values close to 0.05). Based on this finding, in the future, the more sensitive gene-personality association study designs might reasonably be used to detect and predict gene-disease associations, in which personality serves as an intermediate phenotype, or a factor that influences risk of the disease in question.
Genetic markers are consistent throughout a person's life. Personality traits are also relatively invariant over the adult life span (or they show predictable patterns of change, e.g. certain features tend to become more pronounced with age).
It is, therefore, reasonable to consider that an association may exist between genetic markers and personality traits, and that genetic variation may underlie variation in personality traits. CHRM2 variation may affect the properties of the CHRM2 receptor (reviewed earlier), and thus influence cholinergic activity and cholinergic -dopaminergic and cholinergic -adrenergic balance, which might contribute to the development of personality (as discussed in Introduction).
In conclusion, based on findings from the present study, CHRM2 appears to contribute to the genetic component of variation in personality traits. Personality traits might be a substantial heritable component of SD. Common neurobiological mechanisms for the contributions of CHRM2 variation to both phenotypes are presumed to be related to cholinergic activity, and the balance of ACh with dopamine and norepinephrine. Validation of these findings is required in subsequent studies, preferably of large study samples that permit separate examination of these findings in groups differentiated by age, sex, population and affection status.
MATERIALS AND METHODS

Subjects
Two hundred and thirty-nine subjects with SD (173 EAs and 66 AAs) and 275 healthy subjects (237 EAs and 38 AAs) were included in the present study. This is a subsample of that used in the study by Luo et al. (39) , and is the same sample as that used in the study by Luo et al. (2) . The patients (138 males; 101 females) met lifetime DSM-III-R criteria (49) for a diagnosis of AD (n ¼ 188) and/or DD (n ¼ 137 with CD; n ¼ 92 with OD). Diagnoses were made using the Structured Clinical Interview for DSM-III-R (SCID) (50), the computerized Diagnostic Interview Schedule for DSM-III-R (C-DIS-R) (51) or a checklist comprising DSM-III-R symptoms. The healthy subjects (101 males; 174 females) were screened using the SCID or the C-DIS-R to exclude major Axis I disorders, including AD or DD, psychotic disorders (including schizophrenia or schizophrenia-like disorders), mood disorders and major anxiety disorders. The average ages were 38.0 + 9.3 years for patients and 27.8 + 8.5 years for healthy subjects. Population assignment was done empirically by ancestry proportions estimated on the basis of ancestry-informative marker (AIM) genotypes (see in what follows).
Subjects were recruited at the University of Connecticut Health Center. All subjects gave informed consent before participating in the study, which was approved by the Institutional Review Board.
Marker inclusion
Following extraction of genomic DNA from peripheral blood by standard methods, six markers mapping within and flanking the CHRM2 coding sequence (see Table 1 ) and 38 AIMs unlinked to CHRM2, including 37 short tandem repeats (STRs) and one Duffy antigen gene (FY ) marker (rs2814778) (39, 47, 52) were included. The FY marker is highly informative for distinguishing between European and African ancestry. The FY(2) allele frequency has been
1564
Human Molecular Genetics, 2007, Vol. 16, No. 13 reported to be close to 0 in Europeans, and close to 1.0 in subSaharan Africans (53) . These markers were genotyped previously (39) . Six CHRM2 markers were located in intron 3, intron 4, intron 5 and the 3 0 -UTR, with an average intermarker distance of 15 kb. The markers were selected because, at the time of genotyping, they were all available as validated assays from Applied Biosystem, Inc. (ABI, Foster City, CA, USA), and most of these SNPs are tagSNPs in the HapMap database (r 2 ¼ 1, MAF . 0.2).
Assessment of personality
The NEO-FFI (3) 
Data analysis
Gene-disease association analysis. The allele and genotype frequencies in different populations are shown in Table 2 . Associations between alleles, genotypes, haplotypes, diplotypes and disease were analyzed by comparing the frequency distributions between affected and healthy subjects (within EAs and AAs) with exact tests implemented in the program PowerMarker (54) (for allelewise and genotypewise analyses) or logistic regression analysis (for haplotypewise and diplotypewise analyses) [details described by Luo et al. (2)]. HWE of the genotype frequency distribution for each marker was tested within each population, and separately in patients and healthy subjects, via the application of the program PowerMarker. HWD in cases, i.e. deviation from HWE expectations, can indicate a valid gene-disease association and sometimes can be more powerful than casecontrol comparison (41, 55) . Further, the HWD test is a prerequisite for deciding which software programs can be used to reconstruct haplotypes (because some approaches require the assumption of HWE).
Ancestry proportion estimation. To detect admixture and measure its magnitude in an admixed population, we used the ancestry information content from a set of 38 AIMs (39, 47, 52) . The optimal number of ancestries and the ancestry proportions for an individual can be estimated by the program STRUCTURE (45,46) using these 38 AIMs. We have shown that this marker set is sufficient to the task (52) . The ancestry proportion scores were entered as covariates into the following general linear models (including MANCOVA and ANCOVA) to exclude population stratification and admixture effects in analyses in which EAs and AAs were considered together.
Individual haplotype and diplotype probability estimation. The program PHASE (56, 57) , which is not subject to the HWE assumption, was used to reconstruct haplotypes and estimate the probabilities of all likely pairs of haplotypes (i.e. diplotypes) for every individual. The individual phased diplotypes that can be unambiguously inferred by PHASE have a probability of 1.0; the unphased diplotypes that were ambiguously inferred by PHASE have probabilities between 0.0 and 1.0. These haplotype and diplotype probabilities were entered into the general linear model described in what follows, for analysis. Haplotypes were reconstructed within the 'genetic' EAs (European ancestry proportion .0.5) and AAs (African ancestry proportion . 0.5), respectively, rather than within the self-reported EAs and AAs. Haplotype and diplotype frequencies are shown in Table 6 .
t-test and one-way ANOVA. To test the difference on the scores for every personality factor between different alleles or genotypes of every marker, t-tests (for allelewise analysis) and one-way ANOVA (for genotypewise analysis) were applied, in the whole sample and within each subgroup divided by population, sex, age and affection status. As in our previous study (2) , age categories were defined as 'older' (.32 years, the mean age in our sample) or 'younger' ( 32 years). The diagnostic phenotypes include affected and healthy individuals.
There are limitations of analyses based on t-test and ANOVA, which are likely to result in information loss and bias in the findings. These limitations result from the fact that, in the whole sample (or in each subgroup divided by covariates), the correlation among personality factors is ignored, the interactions between genetic markers (many markers are in strong LD) are ignored, the confounding effects of all of the covariates (or other covariates) including population, sex, age and affection status are ignored, and the transformation of ancestry and age from continuous to categorical traits is arbitrary. Given these disadvantages, in the present study, t-test and ANOVA analyses are considered exploratory. Third, the interactions between genetic markers, the analysis of which has been demonstrated to be a more powerful approach than single locus analysis (58) , can be taken into account in MANCOVA. Fourth, MANCOVA allows diplotype phase to be uncertain (in the present study, the proportion of individuals with unambiguous diplotypes, i.e. probability ¼ 1) was 28.3%. A multi-locus haplotype or diplotype usually is more informative and closer to representing a 'whole gene' than any single marker, because haplotypes and diplotypes contain the information of multiple markers and probably unknown markers as well. Additionally, the probability of unphased haplotypes and diplotypes usually preserves more information than categorical data. Furthermore, haplotypes or diplotypes incorporate the information on LD among markers; therefore, the multiple-way interaction effects between markers can be incorporated in haplotypewise and diplotypewise MANCOVAs. Fifth, MANCOVA can control for population stratification and admixture effects on association analysis. Sixth, diplotypewise MANCOVA allows analysis even in the presence of deviation from HWE (when diplotypes are reconstructed by the programs which obviate the need for HWE).
In the haplotypewise and diplotypewise MANCOVA models, five correlated personality factors served as one composite dependent variable; haplotype or diplotype probabilities served as predictor variables; affection status, age, ancestry proportions and sex served as covariates. Two-way interactions between the predictor variables and covariates and between any two haplotypes were also considered as independent predictor variables in this model. Statistical significance was evaluated using the Pillai's Trace statistic (59) . When positive findings were obtained from the haplotypewise or diplotypewise analysis (which suggested that the contributory loci were harbored within the haplotype block), allelewise and genotypewise MANCOVA was performed (using allele or genotype data) to fine-map the specific loci contributing to personality. Alleles or genotypes of each marker, instead of haplotype or diplotype probabilities, served as predictor variables in these analyses, in which two-way interactions between the predictor variables and covariates and between any two markers were also considered as independent predictor variables. All of the MANCOVAs were run as backward stepwise analyses with only statistically significant variables (i.e. P , 0.05) retained in the final equations.
Stepwise Roy Bargmann stepdown analysis (60) . A series of univariate ANCOVA tests was employed to assess the unique contribution of each personality factor to the associations involving covariates and markers. In these models, each personality factor served as one dependent variable in a univariate ANCOVA test in which predictor variables, covariates and interaction variables were the same as those in the MANCOVA models discussed earlier. These ANCOVA tests prioritized the theoretical importance of the five personality factors in the associations with CHRM2 and resulted in the same priority order as in our previous study (which included sample from which the present sample was drawn), which provided the criteria for deciding the priority (2): Neuroticism . Agreeableness . Conscientiousness . Extraversion . Openness.
When positive findings were obtained with MANCOVA, we used univariate ANCOVA to test each personality factor in the order of their priority, with all higher-priority personality factors as covariates. Other covariates and predictor variables were those retained in the final MANCOVA equations. This stepdown process decomposed the findings from MANCOVA without neglecting the correlations among the personality factors.
To consider the inflation of Type I error due to multiple tests using Roy Bargmann Stepdown Analysis, a was set at 0.01. For each Roy Bargmann ANCOVA, a backward stepwise process was applied, so that only the statistically significant (P , 0.01) variables were retained in the final equations.
We used the 'parameter estimate' option implemented in ANCOVA to calculate the regression coefficient (b) for each variable in the final ANCOVA equations. From the signs of the bs, it can be judged whether the variables are 'risk' or 'protective' factors, and which specific allele or genotype of a marker is the 'risk allele (or genotype)' for the personality factor. This decomposition analysis is preferable to t-test and ANOVA, because it controls for the confounding effects of other contributing variables when decomposing one of the contributing variables.
